essential for growth in that medium. It was also demonstrated that the open reading frame ORF1, upstream of pepXP, was not required for PepXP activity in L. lactis. A marked difference between metenkephalin degradation patterns was observed after incubation of this pentapeptide with cell extracts obtained from wild-type lactococci andpepXP mutants. Therefore, altered expression of thepepXP-encoded general dipeptidyl aminopeptidase activity may change the peptide composition of fermented milk products.
For proper growth in milk, lactococci need a complete and functional proteolytic system. The cell-envelope-associated proteinase is the first enzyme active in casein degradation (12, 13) . This essential enzyme degrades casein to large proline-rich peptide fragments (23) , which are likely to be further degraded to peptides and amino acids which can be taken up by the cells (26) . Although a wide variety of peptidases in lactococci has been characterized (for a review, see reference 33) , it is uncertain which of these are essential in the caseinolytic system.
TIhe presence of an X-prolyl dipeptidyl aminopeptidase (PepXP; formerly designated X-PDAP) capable of releasing dipeptides from oligopeptides containing proline at the penultimate position has been demonstrated in a wide range of lactic acid bacteria (3) . It has been suggested that PepXP could participate in the degradation of the oligopeptides generated by the proteinase, producing dipeptides that could be taken up by the di-and tripeptide uptake system (3, 31) . Alternatively, the dipeptides might be produced intracellularly from internalized oligopeptides. Both the oligopeptide and the di-and tripeptide uptake systems have been proven to be essential for the growth of lactococci in milk (30, 35) .
Recently, the genes specifying PepXP (pepXP) have been cloned and sequenced from both Lactococcus lactis subsp. cremoris P8-2-47 (20) and L. lactis subsp. lactis NCDO 763 (24) . The availability of the pepXP gene has prompted us to examine the role of PepXP in casein degradation. A second open reading frame, ORF1, in opposite relative orientation to pepXP, appeared to be present in close proximity to pepXP on the lactococcal chromosome (20, 24) . The putative ORF1 protein showed considerable amino acid similarity to integral membrane proteins, such as the Escherichia coli glycerol-facilitator protein (20) . The putative transcription and translation signals of both pepXP and ORF1 were located in a small interjacent DNA fragment of 171 nucleotides.
In this article, we describe the construction of PepXPnegative mutants via replacement recombination and examined their growth in milk. Moreover, in chromosomal deletion mutants lacking both pepXP and ORF1, pepXP was introduced under the control of the lactococcal promoter P59 (38) to investigate whether ORF1 was involved in PepXP activity.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used are listed in Table 1 . L. lactis was grown in M17 medium (Difco, East Molesey, United Kingdom) with 0.5% glucose (GM17) or lactose (LM17) at 30°C. E. coli was grown in TY broth (Difco, Detroit, Mich.) at 37°C, with shaking. Skim milk was obtained by dissolving skim milk powder (Oxoid Ltd., Basingstoke, United Kingdom) to a 10% (wt/vol) concentration in distilled water. Milk agar plates consisted of 10% skim milk and 1.5% agar. The composition of the chemically defined medium was as previously described (25) . Ampicillin (50 Fg/ml for E. coli), erythromycin (100 ,ug/ml for E. coli; 5 ,ug/ml for L. lactis), or chloramphenicol (10 ,ug/ml for E. coli) was added to the medium when required.
Growth and acid production. Cells were routinely grown in sterile skim milk (heated at 100°C three times) at 30°C and subcultured daily. For the estimation of cell counts and acid production, 75 ml of skim milk was inoculated with 0. 5 (29) . The synthesized primers were A (5' GAA TTA ATC GAT GTT TAT TAC GGA GG 3') and B (5' CAG CAG TTG CIT GTA.GATCCG 3').
The conditions for the polymerase chain reactions were essentially those described by Gould et al. (7) . Denaturation was for 1 min at 94°C, annealing was for 2 min at 50°C, and polymerization was for 2 min at 72°C. The cycle was repeated 30 times. The product was digested with ClaI and XhoII (the recognition sites for these enzymes on the primers are underlined above) and ligated withAccI-and BamHIdigested pUC18 (39) .
Conjugation. Surface mating conjugations were performed essentially as described by McKay et al. (21) . Donor and recipient cultures, grown overnight in M17 medium at 30°C, were mixed in a 10:1 (vol/vol) ratio, and 0.1 ml of the mixture was streaked on GM17 agar. After overnight incubation at 30°C, cells were harvested and plated onto appropriate media.
Southern hybridization. DNA was transferred to GeneScreen Plus membranes (Dupont NEN, Boston, Mass.) as described by Maniatis et al. (19) . Nonradioactive DNA probes were labeled with digoxigenin-dUTP by using a nonradioactive labelling and detection kit (Boehringer). Hybridization and immunological detection were done as recommended by the supplier. Plate assay for PepXP and enzyme activity in crude cell extracts. Colonies were screened for PepXP activity by a plate staining procedure described by Miller and MacKinnon (22) . Colonies were overlaid with 0.5% (wt/vol) agarose in distilled water and then flooded with a mixture of 0.2 ml of L-glycyl-L-prolyl-p-naphthylamide (Bachem, Budendorf, Switzerland) solution in N,N'-dimethyl formamide and 5 ml of fast garnet GBC salt (Sigma Chemical Co., St. Louis, Mo.) in 0.2 M of Tris hydrochloride buffer (pH 7.0). After a few minutes of incubation at room temperature, PepXPpositive colonies stain dark red whereas negative colonies remain white.
Crude cell extracts were prepared from late-log-phase M17 broth cultures. Cells were harvested by centrifugation, washed twice in 0.1 M phosphate buffer (pH 7.0), and resuspended in a solution of 0.5 M sucrose in 50 mM Tris hydrochloride buffer (pH 7.5) containing 10 mg of lysozyme per ml. The cell suspension was incubated for 2 h at 37°C, washed twice with 0.5 M sucrose in 50 mM Tris hydrochloride buffer (pH 7.0), and resuspended in 30 mM of phosphate buffer (pH 7.0). Protoplasts were disrupted by sonication (Soniprep 150; MSE Scientific Instruments, Crawley, United Kingdom), and the resulting suspension was centrifuged at 80,000 x g for 20 min in an L8-80 centrifuge (Beckman, Palo Alto, Calif.) to remove cell debris. PepXP activity in the supematant was measured as described by Miller and MacKinnon (22) by using L-alanyl-L-prolyl-p-nitroanalide (Bachem) as the substrate. One unit of activity was defined as the amount of enzyme catalyzing the formation of 1.0 pmol of p-nitroanalide min-1 (the molar absorption coefficient of p-nitroanalide at A405 is 9.62 x 103 M-1 cm-').
Protein concentrations were measured by the method of Lowry et al. (18) .
SDS-PAGE and immunoblotting. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was done as described previously (14) . The proteins from cell extracts were transferred to Immobilon-P membranes (Millipore Corp., Bedford, Mass.) with an electroblotter (Bio-Rad).
The Immobilon-P membranes were saturated with 1% skim milk and incubated with polyclonal antibodies raised against PepXP (1/5,000) (24) . After washing with 10 mM Tris hydrochloride (pH 8.0) containing 150 mM NaCl and 0.05% Tween 20 (TBST), the membranes were incubated with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin serum (Sigma) diluted 1/1,000. Subsequently, the membranes were washed with TBST, and the enzyme-antibody complex was visualized by incubating the membrane in carbonate buffer (0.1 M NaHCO3, 1.0 mM MgCI2 [pH 9.8]) containing 1% (vol/vol) nitroblue tetrazolium (30 mg/ml) in 70% dimethyl formamide and 1% (vol/vol) 5-bromo-4-chloro-3-indolylphosphate toluidinium (salt) (15 mg/ml) in 100% dimethyl formamide. Tris-maleate (pH 6.0), and 10 p,l of 10 mM metenkephalin (Bachem) was incubated for 30 min at 40°C. The reaction was stopped by the addition of 60 ,ul of 1% (wt/vol) trichloroacetic acid. The composition of the resulting peptide mixture was analyzed by capillary electrophoresis with a standard 72-cm capillary on a 270A capillary electrophoresis unit (Applied Biosystems, Weiterstadt, Germany). Samples were injected for 15 s at 5 kV; for the subsequent electrophoresis, 20 mM citrate buffer (pH 5.2) was used and a voltage of 30 kV was applied. After separation, peptides were detected by measuring theA200. Metenkephalin hydrolysis products were identified by comparing their retention times with that of metenkephalin (Tyr-Gly-Gly-Phe-Met) and some of its subsequences: Gly-Gly, Tyr-Gly, Tyr-Gly-Gly, Phe-Met, Gly-Phe-Met, Gly-Gly-Phe-Met, Tyr, and Phe.
RESULTS
Construction of pBM331. The plasmid pBM330 contains a 5.5-kb partial XbaI chromosomal DNA fragment of L. lactis subsp. cremoris P8-2-47 specifying PepXP activity as has been described elsewhere (20) . In addition to the pepXP gene, an oppositely oriented open reading frame with unknown function was present on the same chromosomal fragment (ORF1). To create stable and well-defined mutants for bothpepXP and ORF1 by replacement recombination, a pUC-derived integration vector, pBM331, was constructed. Plasmid pBM331 (Fig. 1) isolated from an L. lactis strain showed that the XhoII restriction enzyme site was restored as expected and that the region surrounding this site was identical to that of the published pepXP sequence.
ORF1 is not required for PepXP activity. Plasmid pGKV330 was introduced into L. lactis subsp. lactis BM331. In the construction of pGKV330, the Cmr gene of pGKV259 had been destroyed and partially replaced by the pepXP gene. Since, as a consequence of the presence of the erythromycin resistance determinant on the chromosome, BM331 is Emr, we could not select for pGKV330 by using erythromycin. To introduce pGKV330 in L. lactis subsp. lactis BM331, a cotransformation procedure was used (10) with the selectable plasmid pAMS100, a pAMPl derivative (chloramphenicol resistant [Cmri) compatible with pGKderived plasmids (lla). L. lactis subsp. lactis BM331 was electrotransformed with a mixture consisting of 5 ,g of pGKV330 and 0.5 ,g of pAMS100, and transformants were selected on agar plates containing 5 same conditions with the same amount of the DNA mixture. Cmr transformants obtained from both electrotransformations were screened for PepXP activity by the enzymatic plate assay. In both cases, several PepXP+ colonies were obtained with a cotransformation frequency of 12%. All PepXP+ transformants examined contained pBM330 and pAMS100 (data not shown). Thus, despite the fact that the chromosomal ORF1 in L. lactis subsp. lactis BM331 (pGKV330) was truncated, and ORF1 had been deleted from the plasmid, the strain was PepXP+. This indicates that ORF1 is not required for PepXP activity.
Restoration of the Lac+ and Prt+ phenotypes by conjugation. Since the MG1363-derived integrant obtained with pBM331 lacked both the proteinase and lactose genes, this strain could not be used to examine the possible requirement of the pepXP gene for the cells to grow Lac' transconjugants will produce normal-sized colonies on LM17-erythromycin plates, and only Lac' Prt+ transconjugants will form large colonies on milk agar plates containing erythromycin if the milk caseins can be used by the mutants for growth. The Lac' Prt+ transconjugants formed normal-sized colonies on the milk agar plates and had not converted to a PepXP+ phenotype, as judged from the enzymatic plate assay. Apparently, the pepXP gene was not required for growth on milk-based agar plates.
Growth and acid production of PepXP-cells in milk For the estimation of cell counts and acid production, 10% reconstituted skim milk was inoculated with 1% (vol/vol) exponentially growing cells of the transconjugants BM331 (pLP712) and ML336(pLP712). L. lactis subsp. lactis NCDO 712 was used as control. Table 2 shows the results of the growth experiments. The rate of acid production by the PepXP-mutants did not significantly differ from the wildtype strain L. lactis subsp. lactis NCDO 712. Furthermore, both mutated strains ML336 and BM331 produced the same number of cells as the wild-type strain after exponential growth (results not shown).
Peptide hydrolysis by PepXP-cells. PepXP is capable of removing the N-terminal dipeptide Tyr-Gly from the pentapetide metenkephalin (Tyr-Gly-Gly-Phe-Met). Metenkepha- The location of PepXP has been a matter of discussion: both intracellular (40) and extracellular (11) locations have 3 been suggested. ThepepXP gene product was apparently not 2 4 5 subject to processing at the N terminus (20, 24 [min] As illustrated in Fig. 4 , disruption of the pepXP gene does Ilary electrophoresis of the degradation of metennot impair efficient degradation of metenkephalin; however, 6) by cell extracts of the PepXP-mutant BM331 (a) in the absence of the enzyme, there is a marked difference in )e strain NCDO 712 (b). The third chromatogram (c) the resulting peptide profile. The present results therefore rd peptide mixture consisting of metenkephalin and suggest that although the enzyme PepXP is not essential for sequences, as specified in panel a.
the growth of lactococci in milk, altered expression of the pepXP gene may have a dramatic impact on the peptide --I-Ccomposition of fermented milk products.
lin was incubated witn cell extracts ot the wila-type strain L. lactis NCDO 712 and the PepXP-deficient lactococcal strains ML336 and BM331. The resulting peptide mixtures were analyzed by using capillary electrophoresis. Upon incubation of metenkephalin with the cell extract of the wild-type strain NCDO 712, degradation products specific for the action of the lactococcal endopeptidase PepO (Tyr-Gly-Gly and Phe-Met) (34), a general aminopeptidase (Gly-Gly-PheMet and Tyr), and PepXP (Tyr-Gly and Gly-Phe-Met) were found (Fig. 4b) . However, when metenkephalin was incubated with a cell extract from either of the pepXP mutants, only the degradation products specific for the action of the endopeptidase and the general aminopeptidase were observed, whereas the peptides Tyr-Gly and Gly-Phe-Met could not be detected (Fig. 4a) . These results clearly indicate that not only the PepXP activity but also the more general dipeptidyl aminopeptidase activity was eliminated upon disruption of the lactococcal pepXP gene.
DISCUSSION
It has recently been shown that foreign DNA can be integrated into the chromosome of L. lactis subsp. lactis by a Campbell-type recombination (5, 15, 16) as well as by a means of gene replacement technology (17) . We have used
